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In the developing retina, neurogenesis and cell differentiation are coupled with cell proliferation.
However, molecular mechanisms that coordinate cell proliferation and differentiation are not fully
understood. In this study, we found that retinal neurogenesis is severely delayed in the zebraﬁsh stem-
loop binding protein (slbp) mutant. SLBP binds to a stem-loop structure at the 30-end of histone mRNAs,
and regulates a replication-dependent synthesis and degradation of histone proteins. Retinal cell
proliferation becomes slower in the slbp1 mutant, resulting in cessation of retinal stem cell proliferation.
Although retinal stem cells cease proliferation by 2 days postfertilization (dpf) in the slbp mutant, retinal
progenitor cells in the central retina continue to proliferate and generate neurons until at least 5 dpf. We
found that this progenitor proliferation depends on Notch signaling, suggesting that Notch signaling
maintains retinal progenitor proliferation when faced with reduced SLBP activity. Thus, SLBP is required
for retinal stem cell maintenance. SLBP and Notch signaling are required for retinal progenitor cell
proliferation and subsequent neurogenesis. We also show that SLBP1 is required for intraretinal axon
pathﬁnding, probably through morphogenesis of the optic stalk, which expresses attractant cues. Taken
together, these data indicate important roles of SLBP in retinal development.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The vertebrate retina contains six major classes of neurons and
one class of glial cells, which are organized into retinal layers
(Dowling, 1987). Throughout vertebrates, retinal cell differentiation
proceeds in a histogenetic sequence, with retinal ganglion cells
(RGCs) born ﬁrst and Müller cells born last, suggesting that birth
date inﬂuences retinal cell fate decision (Holt et al., 1988; Hu and
Easter, 1999). Early cell lineage studies using frog and mouse retinas
demonstrated apparent randomness of clonal size and cell fate
distribution (Holt et al., 1988; Turner and Cepko, 1987; Wetts and
Fraser, 1988). These observations suggest the model that retinal
progenitor cells are multipotent, giving rise to all retinal cell types
in response to environmental cues (Agathocleous and Harris, 2009;
Livesey and Cepko, 2001). However, transcription factors that
modulate competence of retinal progenitor cells have been reported
(Elliott et al., 2008), suggesting that an intrinsic cell mechanism also
regulates retinal cell fate determination (Agathocleous and Harris,
2009). Furthermore, variable retinal cell-type combinations are
generated from equipotent progenitor cells, suggesting that some
stochastic mechanisms contribute to the formation of retinal neural
circuit, where the right number and proportions of neuronal cell
types are generated (Gomes et al., 2011; He et al., 2012). Thus, it is
important to elucidate how cell-cycle exit and subsequent neuro-
genesis are regulated in retinal progenitor cells, and how this
neurogenic regulation cooperates with cell extrinsic and intrinsic
mechanisms that determine retinal cell fate.
In the developing zebraﬁsh retina, neurogenesis is initiated in
the cell adjacent to the optic stalk and progresses into the entire
neural retina (Hu and Easter, 1999; Masai et al., 2000), suggesting
that zebraﬁsh retina provides a good model for studying spatio-
temporal regulation of neurogenesis. We and other groups found
that ﬁbroblast growth factor and Hedgehog (Hh) signaling path-
ways regulate the initiation and progression of retinal neurogen-
esis, respectively (Martinez-Morales et al., 2005; Masai et al.,
2005; Neumann and Nuesslein-Volhard, 2000; Stenkamp and
Frey, 2003). We also found that Wnt and Notch signaling pathways
promote cell proliferation and inhibit neurogenesis in the zebra-
ﬁsh retina, and that histone deacetylase 1 (Hdac1) antagonizes
both Wnt and Notch signaling pathways to promote neurogenesis
(Yamaguchi et al., 2005). Furthermore, cell polarity regulators,
N-cadherin and a zebraﬁsh Stardust homolog, Nagie oko, inﬂuence
the timing of retinal neurogenesis through the modulation of
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Notch signaling in zebraﬁsh (Yamaguchi et al., 2010). However, the
molecular mechanism that regulates the spatiotemporal pattern of
retinal neurogenesis in zebraﬁsh still remains to be elucidated.
The synthesis of histone protein is tightly coupled to DNA
replication to ensure that histone protein production is sufﬁcient
to assemble newly replicated DNA into chromatin. In metazoans,
histone protein production is temporally controlled through a
replication-dependent regulation of histone mRNA levels
(Marzluff, 2005; Marzluff and Duronio, 2002; Marzluff et al.,
2008). The regulation of histone mRNA occurs at multiple steps,
including an increase in the rate of histone gene transcription at
the beginning of S phase, as well as a decrease in the half-life of
histone mRNA at the end of S phase. Most importantly, the most
critical step that drives the levels of histone mRNA, to an S phase
level 35-fold higher than in G1 phase, is an increase in the
efﬁciency of histone pre-mRNA processing during the S phase.
Replication-dependent histone mRNAs are not polyadenylated, but
end in a highly conserved stem-loop. This stem-loop structure is a
critical element for histone metabolism, including translation and
degradation. Stem-loop binding protein (SLBP) (Martin et al., 1997)
binds to this element and cooperates with other factors such as U7
snRNP to promote histone pre-mRNA processing, and its transla-
tion into protein (Marzluff et al., 2008). Analyses of genetic
mutations or knockdown of SLBP in Caenorhabditis elegans
(Kodama et al., 2002; Pettitt et al., 2002), Drosophila melanogaster
(Sullivan et al., 2001), mouse (Arnold et al., 2008), and human
cultured cells (Zhao et al., 2004) suggest that SLBP is required for
cell cycle-coupled histone mRNA production. Nevertheless,
although vertebrate retinal neurogenesis is coupled with cell cycle
progression, the role of SLBP and SLBP-mediated histone metabo-
lism in retinal neurogenesis has not been studied.
In this report, we identiﬁed a zebraﬁsh mutant, namely rw440, in
which retinal neurogenesis is severely delayed. We found that the
rw440 mutant gene encodes SLBP1. Next, we examined cell prolifera-
tion in the rw440 mutant retina. Cell proliferation was slow in the
rw440 mutant retina, and retinal stem cells stopped proliferation at
2 days postfertilization (dpf). Interestingly, although retinal progenitor
cell proliferationwas slow, cells continued to proliferate and generated
retinal neurons in the central retina of the rw440mutant, at least until
5 dpf. We found that proliferation of central retinal cells depended on
Notch signaling, suggesting that Notch signaling maintains retinal
progenitor proliferation in the reduction of SLBP1 activity. Thus, SLBP1
is required for retinal stem cell maintenance. SLBP1 and Notch
signaling are required for retinal progenitor proliferation and subse-
quent neurogenesis. We also found that retinal axons failed to exit
from the optic cup, and were rather extended astray inside the neural
retina in the rw440 mutant, suggesting a role of SLBP1 in intraretinal
axon pathﬁnding. In zebraﬁsh, chemokine receptor and ligand, cxcr4b
and cxcl12a, are expressed in RGCs and the optic stalk, respectively,
and promote retinal axons to ﬁnd the exit point of the optic cup. In the
rw440 mutant, cxcr4b expression was normally observed in RGCs;
however, cxcl12a expression was observed in the forebrain but failed
to extend inside the retina. Furthermore, expression of an optic stalk
marker, pax2.1, showed that morphogenesis of the optic cup, including
choroid ﬁssure closure, was affected in the rw440 mutant. These
observations suggest that SLBP1 is required for intraretinal pathﬁnding
through regulation of optic stalk morphogenesis, and taken together,
these data indicate important roles of SLBP in retinal development.
Material and methods
Fish
Zebraﬁsh (Danio rerio) were maintained according to stan-
dard procedures (Westerﬁled, 2000). RIKEN-wako (RW) and WIK
strains were used as wild type for mutagenesis and mapping,
respectively. Mutagenesis was performed as previously described
(Masai et al., 2003). The rw440 mutant and a mib mutant allele,
mibta52b (Jiang et al., 1996), were used. Tg[ath5:GFP]rw021 was used
to monitor ath5 gene expression (Masai et al., 2005).
Mutagenesis, mapping, and cloning of the rw440 mutant gene
Mutagenesis, mapping, and cloning were performed as pre-
viously described (Masai et al., 2003). The polymorphic markers
zk169H1 and z34510 were used for restricting of the genomic
region covering the rw440 mutation.
Rescue experiments
To make the DNA construct Tol2[EF1α: SLBP1], a full-length
cDNA of the slbp1 gene was ampliﬁed with speciﬁc primers using
the polymerase chain reaction, and subcloned into a Tol2
transposon-based vector, pT2AL200R150G (Urasaki et al., 2006),
which drives egfp mRNA transcription under the control of the
EF1α promoter, by replacing the egfp coding region with slbp1
cDNA. To make the DNA construct Tol2[EF1α: GFP-SLBP1], slbp1
cDNAwas fused to the 30-end of the GFP coding sequence in frame,
and the fusion DNA fragment was subcloned into pT2AL200R150G
by replacing the egfp coding region with gfp-slbp1 cDNA. Five to
25 ng/μL of DNA plasmid encoding Tol2[EF1α: SLBP1] or Tol2
[EF1α: GFP-SLBP1] was injected with 250 ng/μL RNA encoding
transposase into zebraﬁsh fertilized eggs produced by rw440
mutant heterozygous ﬁsh pairs. Injected embryos were main-
tained at 28.5 1C and ﬁxed with 4% paraformaldehyde (PFA) at
the stage when phenotypes were examined. Embryos were sepa-
rated into heads and bodies, which were used for histological
analyses and genotyping, respectively.
Histology
Immunostaining of cryosections and plastic sectioning were
performed as described previously (Imai et al., 2010). Zn5 antibody
(Zebraﬁsh international resource center (ZIRC), Eugene, Oregon),
zpr1 antibody (ZIRC, Eugene, Oregon), anti-acetylated α-tubulin
antibody (Clone 6-11B-1; Sigma), anti-phosphorylated histone H3
(anti-pH3) antibody (SC-8656; Santa Cruz Biotechnology), and
anti-Pax6 antibody (Covance; PRB-278P) were used at dilutions
of 1:100, 1:100, 1:1000, 1:1000, and 1:100, respectively. Nuclear
staining was performed using 1 mg/ml 40,6-diamidino-2-phenyl-
indole (DAPI; Sigma) or 50 nM SYTOX Green (Molecular Probes).
Filamentous actin (F-actin) was stained using 0.1 mM rhodamine-
conjugated phalloidin (Molecular Probes). Terminal deoxynucleo-
tide transferase-mediated dUTP nick-end labeling (TUNEL) was
performed using an In Situ Cell Death Detection Kit (Roche).
Images were scanned using a LSM510 (Carl Zeiss) or FV1000
(Olympus) confocal laser scanning microscope.
In situ hybridization
In situ hybridization was performed as described previously
(Imai et al., 2010). Full-length versions of the slbp1, slbp2, c-myc2
(Yamaguchi et al., 2005), rx1 (Chuang et al., 1999), ath5 (Masai et
al., 2000), delta-C (Haddon et al., 1998), her4 (Pasini et al., 2004),
cxcr4b (Li et al., 2005), cxcl12a (Li et al., 2005), and pax2.1 (Krauss
et al., 1991) genes were used.
Western blot
Two and three dpf embryos were used for western blotting as
described previously (Imai et al., 2010). Anti-histone H3 (Abcam;
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ab1791) and anti-acetylated α-tubulin (Clone 6-11B-1; Sigma)
antibodies were used at dilutions of 1:1000. Signals were devel-
oped using horseradish peroxidase (HRP)-conjugated secondary
antibodies and Immobilon Western HRP substrate (Millipore).
Luminescence was quantiﬁed using a Fuji LAS 4000 image analy-
zer (Fuji Photo Film).
EdU incorporation
Embryos were soaked in water containing 1 mM ethynyl
uridine (EdU) on ice for 15 min, rinsed, incubated for 30 min in
water at 28.5 1C, and ﬁxed with 4% PFA. EdU signals were detected
using the Click-iT EdU Alexa Fluor Imaging Kit (Invitrogen).
Cell transplantation
The transgene Tg[ath5:GFP] was introduced into the genome of
wild-type donor/host and rw440 mutant donor embryos. Donor
embryos were labeled with rhodamine–dextran (Molecular
Probes). Cell transplantation was performed as previously
described (Masai et al., 2003). Host embryos carrying donor cells
in the retina were selected by observing rhodamine ﬂuorescence
at 24 hours postfertilization (hpf), ﬁxed with 4% PFA at 72 hpf, and
cryosectioned.
Statistical analyses for the fraction of EdUþ cells in total retinal cells,
the number of retinal cells, the fraction of ath5þ cell in total retinal
cells, and the fraction of pH3þ cells in total ath5-negative cells
For statistical analyses of the fraction of EdUþ cells in total
retinal cells, six wild-type and eight rw440 mutant retinal sections
were prepared from three wild-type and four rw440 mutant
embryos, respectively. All retinal sections were sampled from the
most central region of the optic cup. The percentage of the number
of EdU-labeled cells to total retinal cells was examined for each
sections, and average, standard deviation and probability for the t-
test were calculated (Fig. 4E). For statistical analyses of the number
of retinal cells per section, the fraction of ath5þ cell in total retinal
cells, and the fraction of pH3þ cells in total ath5-negative cells,
cryosections labeled with ath5:GFP, pH3 antibody and DAPI were
used. Two cryosections were prepared from left and right eye of
each of individual embryos. Six wild-type and eight rw440 mutant
sections at 24 hpf, four wild-type and six rw440mutant sections at
36 hpf, and four wild-type and four rw440 mutant sections at
48 hpf, were used for calculation of average, standard deviation
and probability for the t-test (Fig. 4M–O).
Results
Neuronal differentiation is delayed in zebraﬁsh rw440 mutant retina
Previously, we screened zebraﬁsh mutants which show defects
in retinal development (Masai et al., 2003). In this screening, we
identiﬁed a zebraﬁsh mutant, namely rw440, in which retinal cell
differentiation is delayed. At 3 dpf, the rw440 mutant embryo
showed a curled-down body shape (Fig. 1A). Labeling of whole-
mount embryos with anti-acetylated α-tubulin antibody visua-
lized retinal lamination in wild-type embryos at 3 dpf (Fig. 1B). In
the rw440 mutant, retinal lamination was not fully formed, and
axons of RGCs extended astray inside the optic cup (Fig. 1C). Plastic
sectioning conﬁrmed that retinal cell differentiation was markedly
delayed in the rw440 mutant (Fig. 1D–I). In wild-type retinas, all
six classes of retinal neurons differentiated and formed the
following distinct layers: RGC layer (RGL), inner plexiform layer
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), and
outer nuclear layer (ONL) (Fig. 1D, F, and H). However, in the rw440
mutant, a majority of retinal cells showed a columnar shape,
which is characteristic of retinal progenitor cells, and only a small
IPL was observed in the central retina (Fig. 1E). At 4 dpf, the IPL
became larger, and the RGL and INL were distinguishable in the
rw440 mutant retina (Fig. 1G). At 5 dpf, the RGL, IPL, and INL were
more evident, but the ONL and OPL appeared absent in the rw440
mutant retina (Fig. 1I). These data suggest that retinal cell
differentiation proceeded, but was markedly delayed in the rw440
mutant.
Next, we examined molecular markers for retinal cell differ-
entiation. The rx1 gene is expressed in retinal progenitor cells and
later restricted to cone photoreceptors in zebraﬁsh (Chuang et al.,
1999). The rx1 mRNA expression was normally observed in retinal
progenitor cells in wild-type and the rw440 mutant retina at 1 dpf
(Fig. 2A and B), suggesting that retinal progenitor cells are
normally speciﬁed in the rw440 mutant. The ath5 (also designated
as atoh7) gene is expressed in early differentiating retinal neurons
(Masai et al., 2000), and is required for speciﬁcation of RGCs (Kay
et al., 2001). Previously, we established a zebraﬁsh transgenic ﬁsh,
namely Tg[ath5:GFP]rw021, which expressed GFP under the control
of the ath5 retinal enhancer (designated as ath5:GFP, hereafter)
(Masai et al., 2005). In the wild type, ath5:GFP was initially
expressed in early differentiating retinal neurons, and restricted
to RGCs, amacrine cells, and ONL cells at 2 dpf (Fig. 2C). In the
rw440 mutant, ath5:GFP expression was detected in the central
retina, but most of the ath5:GFP-positive cells showed a columnar
shape, which possibly represented early differentiating neurons
(Fig. 2D). The zn5 monoclonal antibody recognized DM-GRASP,
which is expressed in RGCs in zebraﬁsh (Fashena and Westerﬁeld,
1999; Laessing and Stuermer, 1996) (Fig. 2E and G). In the rw440
mutant, zn5-positive cells were detected but their number was
smaller than in wild type at 2 dpf (Fig. 2F). At 3 dpf, zn5-positive
cells increased in the rw440 mutant (Fig. 2H). Thus, RGC differ-
entiation is delayed, but proceeds after 2 dpf in the rw440 mutant.
Rhodamine-conjugated phalloidin labeled the IPL and OPL in wild-
type retina at 3 dpf (Fig. 2G). However, the ONL was not observed
in the rw440 mutant at 3 dpf (Fig. 2H), suggesting no photore-
ceptor differentiation. Zpr1 is a molecular marker for red and
green cone photoreceptors in zebraﬁsh embryonic stages, which
form double cone photoreceptors in the adult zebraﬁsh retina
(Larison and Bremiller, 1990) (Fig. 2I). Consistently, zpr1 was not
detected in the rw440 mutant at 3 dpf (Fig. 2J), suggesting that no
photoreceptors differentiated at 3 dpf in the rw440 mutant. At
4 dpf, Pax6 was expressed in RGCs and amacrine cells in wild-type
retina (Fig. 2K). In the rw440 mutant, Pax6-positive cells were
observed in the presumptive RGL and INL of the retina (Fig. 2L).
Furthermore, clustered zpr1-positive cells were observed in the
outermost region of the retina in the rw440 mutant (Fig. 2M and
N). These observations suggest that differentiation of amacrine
cells and photoreceptors gradually proceed after 3 dpf in the
rw440 mutant. At 5 dpf, the numbers of Pax6- and zpr1-positive
cells were not different from those observed at 4 dpf (Fig. 2O–R),
suggesting that retinal cell differentiation seems to cease around
4–5 dpf. Taken together, these data suggest that retinal cell
differentiation is delayed in the rw440 mutant.
The rw440 mutation functions in a cell-autonomous manner
To determine whether the rw440 mutation causes delay of
retinal cell differentiation in a cell-autonomous manner, we
performed cell transplantation experiments. Wild-type or rw440
mutant donor cells were transplanted into wild-type host eggs at
the single cell stage, and developed at 48 and 72 hpf. When wild-
type donor cells were incorporated into wild-type recipient retina
at 48 hpf, they formed a retinal cell column, which normally
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contain the earliest born cell type, RGC, which expresses ath5:GFP
(Fig. 3A). However, when the rw440 mutant donor cells were
incorporated into wild-type recipient retina at 48 hpf, they failed
to express ath5:GFP (Fig. 3B), suggesting that the rw440 mutation
inhibited RGC differentiation in a cell-autonomous manner. At
72 hpf, wild-type donor cells, incorporated into wild-type recipi-
ent retina, differentiated into all retinal cell types, including red
and green cone photoreceptors, which express zpr1 (Fig. 3C, upper
panels). However, rw440 mutant donor cells incorporated into
wild-type recipient retina did not contribute to RGL and the
photoreceptor cell layer, but maintained a columnar morphology,
which is characteristic of retinal progenitor cells (Fig. 3C, lower
panels). In some cases, we observed EdU incorporation in rw440
mutant donor cell clusters (yellow arrowhead, Fig. 3C). Taken
together, these data suggest that the rw440 mutation undergoes
retinal cell differentiation in a cell-autonomous manner.
Cell proliferation and neurogenesis are slowed in the rw440 mutant
Next, we examined retinal cell proliferation by EdU incorpora-
tion, which labels cells in S phase. Because retinal neurogenesis
starts at 25 hpf in the zebraﬁsh retina (Hu and Easter, 1999; Masai
et al., 2000), almost all retinal cells are proliferating at this stage.
Most retinal cells were labeled with EdU at 24 hpf in both the wild
type and the rw440 mutant (data not shown). In 60 hpf wild-type
embryos, strong EdU incorporation was observed in the ciliary
Fig. 1. Retinal lamination is delayed in the rw440 mutant. (A) Three dpf wild-type and rw440 mutant embryos. The rw440 mutant embryo shows a small eye, heart edema,
and a curled-down body. (B and C) Labeling of 3 dpf wild-type (B) and rw440 mutant retinas (C) with anti-acetylated α-tubulin antibody. Retinal layers are visualized in the
wild-type retina. However, retinal lamination is less developed, and retinal axons are misrouted inside the optic cup (arrowheads, C). (D and E) Sections of wild-type (D) and
the rw440 mutant (E) retinas at 3 dpf. In wild-type retina, all layers are formed. However, in the rw440 mutant retina, retinal lamination is not observed, except a small IPL.
(F and G) Sections of wild-type (F) and rw440 mutant (G) retinas at 4 dpf. In the rw440 mutant retina, the IPL becomes large, and the RGL and INL are distinct. (H and I)
Sections of wild-type (H) and the rw440 mutant (I) retinas at 5 dpf. In the rw440 mutant retina, the RGL, IPL, and INL are more evident, but the ONL is absent. RGL, retinal
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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marginal zone (CMZ), where retinal stem cells continue to pro-
liferate, and in some ONL cells in the central retina (Fig. 4A).
However, EdU incorporation was weakly detected and comple-
mentary to that of ath5:GFP in the central retina of the rw440
mutant (Fig. 4B), suggesting that ath5:GFP-negative cells under-
went S phase in the rw440 mutant. We labeled wild-type and the
rw440mutant retinas with EdU and DAPI at 48 hpf (Fig. 4C and D),
and calculated the fraction of EdU-labeled cells in total retinal
cells. The fraction of EdU-labeled cells was nearly 50% in the rw440
mutant, which is higher than that of wild type (Fig. 4E), suggesting
that the fraction of S phase cells is greater in the rw440 mutant
retina at 48 hpf. Furthermore, no EdU incorporation was detected
in the CMZ (asterisks, Fig. 4B and D), suggesting that cell
proliferation ceases in the retinal CMZ of the rw440 mutant at
48 hpf.
Next, we examined expression of c-myc2 (Yamaguchi et al., 2005),
rx1, and ath5 mRNAs, which label retinal stem cells, retinal progeni-
tor cells, and early differentiating retinal neurons, respectively.
Fig. 2. Retinal cell differentiation is delayed in the rw440mutant. (A and B) Wild-type (A) and rw440mutant (B) retinas labeled with rx1 RNA probe (blue) at 1 dpf. (C and D)
Wild-type (C) and rw440 mutant (D) retinas labeled with ath5:GFP (green) at 2 dpf. In wild-type retina, ath5:GFP is strongly expressed in the RGCs and weakly expressed in
other retinal neurons such as amacrine cells and ONL cells. In the rw440 mutant retina, a weak expression of ath5:GFP is observed in the central retina. (E and F) Wild-type
(E) and the rw440mutant (F) retinas labeled with zn5 antibody (green) at 2 dpf. The zn5 antibody labels RGCs in the wild type. In the rw440mutant, a small number of cells
express zn5 (arrowheads, F). (G and H) Wild-type (G) and rw440 mutant (H) retinas labeled with zn5 antibody (green) and phalloidin (magenta) at 3 dpf. Phalloidin labels
the IPL and the OPL, making the ONL evident. In the rw440 mutant retina, zn5-labeled RGCs increase (arrowheads), but there is no OPL. (I and J) Wild-type (I) and rw440
mutant (J) retinas labeled with zpr1 antibody (magenta) at 3 dpf. Nuclei were labeled with Sytox Green (green). The zpr1 antibody labels double cone photoreceptors (PR). In
the rw440 mutant retina, there is no zpr1 signal. (K and L) Wild-type (K) and the rw440 mutant (L) retinas labeled with anti-Pax6 antibody (green) at 4 dpf. RGCs and
amacrine cells express Pax6. In the rw440mutant retina, presumptive RGCs and some INL cells express Pax6 (arrows, L). (M and N) Wild-type (M) and the rw440 (N) mutant
retinas labeled with zpr1 antibody (magenta) at 4 dpf. In the rw440mutant retina, some ONL cells express zpr1 (arrowheads, N) in clusters. (O and P) Wild-type (O) and the
rw440 mutant (P) retinas labeled with anti-Pax6 antibody (green) at 5 dpf. In the rw440 mutant retina, presumptive RGCs and some ONL cells express Pax6 (arrows, P).
(Q and R) Wild-type (Q) and the rw440 mutant (R) retinas labeled with zpr1 antibody (magenta) at 5 dpf. In the rw440 mutant retina, clustered ONL cells express zpr1
(arrowheads, R). RGC, retinal ganglion cell; ONL, outer plexiform layer; PR, photoreceptor.
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At 3 dpf, these mRNAs were expressed in the wild-type retinal CMZ
(Fig. 4F, H, and J). In the rw440mutant, c-myc2mRNA expressionwas
detected in the retinal CMZ (Fig. 4G), suggesting that retinal stem
cells are still speciﬁed in the rw440mutant. Both rx1 and ath5mRNA
expressions were detected in the retinal CMZ, and were greater than
those of the wild type (Fig. 4I and K). Together, expansion of rx1 and
ath5 expression suggests that cell-cycle progression of retinal pro-
genitor cells and subsequent neurogenesis are slower in the rw440
mutant.
To examine cell-cycle progression and subsequent neurogen-
esis more precisely, we labeled Tg[ath5:GFP] transgenic embryos
with anti-pH3 antibody, which recognizes mitotic cells undergoing
late metaphase (Fig. 4L). First, we counted the number of retinal
cells per section, which were sampled from the central most
region of the optic cup. In wild type, the number of retinal cells
per section increased during development (Fig. 4M). In the rw440
mutant, the number of retinal cells per section was similar to wild
type at 24 hpf, but did not increase at 36 and 48 hpf (Fig. 4M).
Next, to measure retinal neurogenesis, we examined the fraction
of ath5:GFP-positive cells in the retina at 24, 36, and 48 hpf
(Fig. 4N). At 24 hpf, the fraction of ath5:GFP-positive cells was
zero in wild-type and rw440 mutant retinas, which is consistent
with previous observations that retinal neurogenesis begins after
25 hpf in zebraﬁsh (Hu and Easter, 1999; Masai et al., 2000). In the
wild type, the fraction of ath5:GFP-positive cells increased to more
than 30% at 36 hpf, and decreased to 20% at 48 hpf. The ath5:GFP
is initially expressed in almost all retinal neurons, but is later
restricted to RGCs and down-regulated in other retinal cell types
(Masai et al., 2005; Yamaguchi et al., 2010). This expression proﬁle
is consistent with the reduction of the ath5:GFP-positive cell
fraction in wild-type retina at 48 hpf. In the rw440 mutant, the
fraction of ath5:GFP-positive cells increased to 5% at 36 hpf, which
was much lower than wild type (Fig. 4N). The fraction of ath5:GFP-
positive cells still continued to increase to 20% at 48 hpf, which is
equivalent to early neurogenic stages such as 30 hpf in wild-type
retinas. These data suggest that retinal neurogenesis proceeds
slowly in the rw440 mutant.
Next, to examine the rate of cell proliferation, we counted ath5:
GFP-negative cells, which represent proliferative cells at least until
36 hpf, and calculated the fraction of pH3-positive cells in ath5:
GFP-negative cells, which could match the mitotic index of retinal
progenitor cells (Fig. 4O). In the wild type, the pH3-positive cell
Fig. 3. Cell transplantation experiments. (A) Transplantation of wild-type donor cells (magenta) into wild-type host retinas. Wild-type donor cells incorporated into RGL
(arrowheads) express ath5:GFP (green) at 48 hpf. Bottom panels show high magniﬁcation. (B) Transplantation of the rw440mutant donor cells (magenta) into wild-type host
retinas. The rw440mutant cells incorporated into the RGL (arrowheads) did not express ath5:GFP (green) at 48 hpf. Bottom panels show high magniﬁcation. (C) Seventy-two
hpf wild-type host retinas into which wild-type donor cells (green, upper panels) or the rw440 mutant donor cells (green, lower panels) were incorporated. Retinal sections
were labeled with EdU (white) and zpr1 antibody (red). Four sets of right panels are high magniﬁcation of the yellow squares shown in the left most panels. Wild-type donor
cells into wild-type host retina differentiated into retinal ganglion cells (RGC), amacrine cells (a), bipolar cells (b), horizontal cells (h), and photoreceptors (PR) at 72 hpf.
However, the rw440 mutant donor cells did not contribute to RGC and photoreceptors (PR) at 72 hpf, but displayed a progenitor-like, columnar morphology. Some of the
rw440 donor mutant cells incorporated EdU (yellow arrowhead, lower right).
F. Imai et al. / Developmental Biology 394 (2014) 94–109 99
Fig. 4. Cell proliferation and subsequent neurogenesis proceed slowly in the rw440 mutant retina. (A and B) Wild-type (A) and the rw440 mutant (B) retinas labeled with
ath5:GFP (green) and EdU (magenta) at 60 hpf. In wild-type retina, EdU incorporation is observed in the retinal CMZ (arrowheads, A) and the peripheral ONL of the central
retina. In the rw440 mutant, EdU incorporation is not observed in the retinal CMZ (asterisks, B). A weak EdU incorporation was observed in the central retina, and its pattern
was complementary to that of ath5:GFP. (C and D) Wild-type (C) and the rw440 mutant (D) retinas labeled with EdU (magenta) and DAPI (green) at 48 hpf. DAPI labels all
nuclei. EdU incorporation is observed in the central retina but not in the CMZ (asterisks, D) in the rw440 mutant. (E) Histogram of the percentage of EdU-positive cells
relative to total number of retinal cells. Error bars indicate standard deviation. The difference is statistically signiﬁcant (po0.05, t-test). (F–K) In situ hybridization of wild-
type and rw440mutant retinas with c-myc2 (F and G), rx1 (H and I), and ath5 (J and K) RNA probes. All three mRNAs were expressed in the retinal CMZ of wild-type and the
rw440 mutant retinas (arrowheads). The rx1 is also expressed in the ONL in wild type (H), but not in the rw440 mutant (I). (L) Labeling of wild-type and the rw440 mutant
retinas with anth5:GFP (green), anti-pH3 antibody (red), and DAPI (white) at 24, 36, and 48 hpf. (M) Histogram of the number of retinal cells per section in wild-type and the
rw440 mutant retinas. (N) Percentage of ath5:GFP-positive cells relative to total number of retinal cells. (O) The percentage of pH3 positive cells relative to proliferative
retinal cells. Error bars shown in (M–O) indicate standard deviation. p*o0.05 (t-test). ONL, outer nuclear layer.
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fraction increased from 24 hpf to 36 hpf, suggesting that cell
proliferation is enhanced in wild-type retina after the start of
retinal neurogenesis. At 48 hpf, the pH3-positive cell fraction was
slightly decreased in the wild type, probably because ath5:GFP-
negative cells contain proliferative cells and retinal neurons,
except RGCs, at that stage. The fraction of pH3-positive cells was
not different between wild-type and the rw440 mutant retina at
24 hpf. However, the fraction of pH3-positive cells was lower in
the rw440 mutant retina than in the wild type at 36 and 48 hpf.
These data suggest that cell cycle progression becomes slower in
the rw440 mutant during neurogenic stages. Because retinal cell
proliferation becomes faster after retinal neurogenesis starts (Li et
al., 2000), these data suggest that activation of cell-cycle progres-
sion associated with retinal neurogenesis does not occur in the
rw440 mutant retina, resulting in very slow cell proliferation and
the delay of retinal cell differentiation.
The rw440 mutant gene encodes SLBP
To elucidate the molecular basis of the rw440mutation, we cloned
the rw440 mutant gene. First, we mapped the rw440 mutation on
zebraﬁsh chromosomes, and found that it mapped to the genomic
region between two polymorphic markers, zk169H1 (15.90 Mb) and
z34510 (17.61 Mb), on chromosome 14 (Ensemble Zv8), where 11
genes were annotated. We examined the cDNA sequences of these
genes from the rw440 homozygous embryos, and found that a
nonsense mutation occurs in the third amino acid, Glutamic acid, of
the slbp gene (ENSDARG00000004926, Ensemble Zv9 release 73;
slbp, ZFIN) (Fig. 5A). SLBP binds to the stem-loop structure of the 30-
untranslated region of histone pre-mRNA, and promotes histone pre-
mRNA processing for replication-coupled synthesis of histone proteins
(Marzluff et al., 2008). Our western blot analyses revealed that the
fraction of histone H3 protein level in total protein extracts decreased
in the rw440 mutant embryos at 2 dpf and 3 dpf (Fig. 5B), suggesting
that the synthesis of histone proteins is reduced in the rw440 mutant
embryos.
In accordance with the zebraﬁsh genomic database, there are two
zebraﬁsh slbp genes. Another slbp gene (ENSDARG00000069428,
Ensemble Zv9 release 73; zgc:158856, ZFIN) was mapped on chromo-
some 21. We designated slbp genes mapped on chromosome 14 and
21 as slbp1 and slbp2, respectively. An evolutionary tree for amino acid
conservation revealed that zebraﬁsh SLBP1 is more homologous to
human SLBP than zebraﬁsh SLBP2, and that zebraﬁsh SLBP2 is more
homologous to Xenopus SLBP2 (Fig. 5C). Next, we examined mRNA
expression of the slbp1 (Fig. 5D) and slbp2 genes (Fig. 5E). The slbp1
gene was expressed at the eight-cell stage, suggesting maternal
expression of the slbp1 gene, and it was expressed prominently in
the central nervous system at 24 hpf. Expression of slbp1 mRNA was
restricted to the highly proliferating region of the brain, especially the
neural retina and the optic tectum at 31 hpf and 48 hpf. In the retina,
slbp1 mRNA expression was initially broad, but gradually became
restricted to the CMZ, indicating that slbp1 mRNA expression was
correlated with cell proliferation. In contrast to slbp1, slbp2 expression
was observed in the eight-cell stage, but was almost absent after
31 hpf, suggesting that slbp2 mRNA is mainly expressed maternally.
Introduction of SLBP1 rescues retinal defects in the rw440 mutant
To conﬁrm that the rw440 mutant gene encodes SLBP1, we
introduced SLBP1 into the rw440 mutant retina. First, we injected
single-cell stage eggs with mRNA encoding slbp1, but almost all
injected embryos were dead during gastrulation (data not shown),
suggesting that overexpression of SLBP1 was very toxic, at least in
the gastrulation stage. To achieve more mosaic expression in the
retina, we made a Tol2 transposon vector-based DNA construct,
Tol2[EF1α: SLBP1], which expresses SLBP1 under the control of the
zebraﬁsh EF1α promoter. Injection of Tol2[EF1α: SLBP1] with
transposase RNA into zebraﬁsh eggs at the one-cell stage did not
affect the early stages of development, and drove slbp mRNA
expression in the retina in a mosaic manner. We found that retinal
lamination was rescued in a mosaic manner in 3 dpf rw440mutant
retinas injected with Tol2[EF1α: SLBP1] (Fig. 6A and B). These
observations suggest that the rw440 mutant gene encodes SLBP1.
Next, we made another Tol2 transposon vector-based DNA con-
struct, Tol2[EF1α: GFP-SLBP1], which expresses GFP-tagged SLBP1
under the control of the zebraﬁsh EF1α promoter, and conﬁrmed
that GFP-tagged SLBP1 also rescued retinal lamination in the
rw440 mutant in a similar manner as SLBP1 (data not shown),
suggesting that N-terminal fusion of GFP to SLBP1 did not affect
SLBP functions. Next, we examined EdU incorporation of zebraﬁsh
retina injected with Tol2[EF1α: GFP-SLBP1], to address whether
SLBP1 regulates proliferation and subsequent neurogenesis in a
cell-autonomous manner. In this experiment, we used Tol2[EF1α:
GFP], which expresses GFP under the control of the zebraﬁsh EF1α
promoter, as a negative control. After 2 dpf, retinal stem cells
ceased proliferation in the rw440 mutant, resulting in no EdU
incorporation in the retinal CMZ (Fig. 4B and D). Furthermore,
retinal neurogenesis was delayed in the rw440mutant, resulting in
sustained EdU incorporation in the central retina at 2.5 dpf (Fig. 4B
and E). Injection experiments using Tol2[EF1α: GFP] revealed that
GFP did not affect the EdU incorporation proﬁle in the rw440
mutant (Fig. 6D). However, injection experiments using Tol2[EF1α:
GFP-SLBP1] revealed that expression of GFP-tagged SLBP1 recov-
ered EdU incorporation in the retinal CMZ of the rw440 mutant
(arrowheads, Fig. 6F), and suppressed EdU incorporation in the
central retina (bracket, Fig. 6F). Furthermore, we conﬁrmed that
both GFP and GFP-SLBP1 did not affect EdU incorporation in wild-
type retinas (Fig. 6C and E). Together, these results suggest that
SLBP1 promotes retinal cell proliferation and subsequent neuro-
genesis in a cell-autonomous manner.
Notch signaling is active in the central retina of the rw440 mutant
Neurogenesis is delayed and cell proliferation is maintained in
the central retina of the rw440 mutant at 48 hpf (Fig. 4B). In
zebraﬁsh, Notch signaling plays a role in retinal progenitor cell
maintenance by inhibiting retinal neurogenesis (Yamaguchi et al.,
2005). Thus, it is important to investigate the relationship between
Notch signaling and the rw440 retinal phenotypes. We therefore
examined expression of genes that are involved in the Notch
signaling pathway. There are four Delta genes in zebraﬁsh, and one
of the Delta genes, Delta-C (Dl-C), is expressed in retinal progenitor
cells (Haddon et al., 1998). In wild-type embryos, Dl-C gene
expression was observed in the retinal CMZ at 48 hpf (Fig. 7A).
In the rw440 mutant, Dl-C gene expression was expanded more
centrally in the retina CMZ at 48 hpf (Fig. 7A). We also examined a
zebraﬁsh HES5 homolog, her4 (Pasini et al., 2004), which is a
target of Notch signaling. In wild-type embryos, her4 was
expressed in retinal CMZ at 48 hpf (Fig. 7B). In the rw440 mutant,
her4 expression was expanded in the central retina (Fig. 7B). These
data suggest that Notch signaling is active in the central region of
2 dpf rw440 mutant retina, where cell proliferation is maintained.
Notch signaling maintains progenitor cell proliferation in the central
retina of the rw440 mutant
Next, we examined whether the Notch signaling pathway is
involved in progenitor cell proliferation in the central retina of the
rw440mutant.Mind bomb (mib) was identiﬁed as a zebraﬁsh mutant,
in which excessive neurogenesis occurred (Jiang et al., 1996). Themib
mutant gene encodes E3 ubiquitin ligase for Dl, which is required for
Notch signaling (Itoh et al., 2003). To examine the role of Notch
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Fig. 5. The rw440 mutant gene encodes SLBP. (A) Nonsense mutation occurs in 3-Glutamic acid (E) of the slbp1 gene. RNA-binding domain (RBD) is indicated. (B) Western
blot of wild-type and rw440 mutant embryos using anti-histone H3 (top) and anti-α-tubulin antibody (middle). The amount of histone H3 and α-tubulin is decreased in the
rw440 mutant at 2 dpf and 3 dpf respectively. The western blot membrane is stained with Coomassie Brilliant Blue (bottom), indicating that the loading amount is the same
for each lane. (C) Evolutionary tree of SLBP proteins. (D) Expression of zebraﬁsh slbp1mRNA. The slbp1mRNA is expressed in the eight-cell stage, and prominently expressed
in the head, including the retina and the tectum at 24 hpf. The slbp1 mRNA expression is gradually restricted in the retinal CMZ (arrowheads), and in the peripheral rim of
the optic tectum. (E) Expression of zebraﬁsh slbp2 mRNA. The slbp2 mRNA expression is detected in the eight cell stage, but not after 31 hpf. tc, optic tectum.
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signaling in rw440 mutant phenotypes, we generated a double
mutant, rw440; mib (Fig. 7C–F and C0–F0), and examined ath5:GFP
expression and EdU incorporation at 60 hpf (Fig. 7G–J). In the rw440
mutant, ath5:GFP expression was reduced, suggesting that neuro-
genesis is delayed (Fig. 7H). In the mib mutant, ath5:GFP expression
was expanded, suggesting precocious neurogenesis (Fig. 7I). In the
double mutant, mib; rw440, ath5:GFP expression was expanded, like
the mib mutant (Fig. 7J), suggesting that the mib mutation induces
precocious neurogenesis in the rw440 mutant retina.
In the rw440 mutant, EdU incorporation was not observed in
the retinal CMZ (asterisks, Fig. 7H), but was maintained in ath5:
GFP-negative cells of the central retina (Fig. 7H). In the mib
mutant, EdU incorporation was observed in the retinal CMZ
(arrowheads, Fig. 7I) and some ONL cells of the central retina,
Fig. 6. Introduction of SLBP1 rescues cell proliferation and neurogenic defects in the rw440mutant retina. (A) Sections of wild-type (left), rw440mutant (middle), and rw440
mutant retinas injected with Tol2[EF1α: SLBP1] (right). Retinal lamination is recovered in columns of the rw440 mutant retinas injected with Tol2[EF1α: SLBP1] (red
brackets). (B) High magniﬁcation of the rw440mutant retinas injected with Tol2[EF1α: SLBP1]. Red brackets indicate restored retinal lamination. (C and D) EdU incorporation
(magenta) of wild-type (C) and the rw440 mutant (D) retinas injected with Tol2[EF1α: GFP]. EdU incorporation is observed in the CMZ of wild-type retinas (arrowheads, C),
but not in the CMZ of rw440 mutant retinas (asterisks, D). The right panel of (D) is the green channel. (E and F) EdU incorporation (magenta) of wild-type (E) and rw440
mutant (F) retinas injected with Tol2[EF1α: GFP-SLBP1]. Expression of GFP-SLBP1 did not have effects on EdU incorporation in wild-type retinal CMZ (arrowheads, E). In the
rw440 mutant, expression of GFP-SLBP1 restores EdU incorporation in the retinal CMZ (arrowheads, F), and suppresses EdU incorporation in the central retina (bracket, F).
The right panel of (F) is the green channel. RGL, RGC layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer.
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Fig. 7. Notch signaling is required for cell proliferation in the central retina of the rw440 mutant. (A) In situ hybridization of wild-type and rw440 mutant retinal sections
with Dl-C RNA probes. (B) In situ hybridization of wild-type and rw440mutant retinal sections with her4 RNA probes. Both Dl-C and her4mRNA expressions were localized in
the retinal CMZ of wild type (arrowheads, left panels), but expanded towards the central retina in the rw440 mutant (arrowheads, right panels). (C–F) Sections of wild-type
(C), rw440 mutant (D), mib mutant (E), and rw440; mib double mutant (F) heads at 3 dpf. (C0–F0) High magniﬁcation of retinas shown in panels (C–F). (G–J) The ath5:GFP
expression (green) and EdU incorporation (magenta) of wild-type (G), rw440 mutant (H), mib mutant (I), and rw440; mib double mutant (J) retinas at 60 hpf. EdU
incorporation is observed in retinal CMZ of wild type (arrowheads, G) and mib mutant (arrowheads, I), but not in the retinal CMZ of rw440 mutant (asterisks, H) and rw440;
mib double mutant (asterisks, J). EdU incorporation is observed in the central retina of the rw440mutant but not in the central retina of the rw440;mib double mutant. (K–N)
DAPI labeling (white) and TUNEL (magenta) of wild-type (K), rw440 mutant (L), mib mutant (M), and rw440; mib double mutant (N) retinas. Although very faint dot-like
TUNEL signals are observed in mib (M) and rw440; mib (N) mutant retinas, there was no massive cell death in both retinas.
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which were ath5:GFP-negative (Fig. 7I). In the mib; rw440 double
mutant, no EdU incorporation was observed in both retinal CMZ
(asterisks, Fig. 7J) and the central retina (Fig. 7J). These data
suggest that EdU incorporation in the central retina of the rw440
mutant depends on Notch signaling, and that EdU incorporation in
the retinal CMZ of the mib mutant depends on SLBP1. Thus, SLBP1
is required for maintenance of retinal stem cell proliferation.
Furthermore, SLBP1 is required for cell cycle progression in the
central retina, but cell proliferation is maintained through Notch
signaling in the absence of SLBP1 activity.
In the mib mutant, excessive ath5:GFP-positive cells differenti-
ate into early-born retinal neurons, RGCs at 2 dpf (Yamaguchi et
al., 2010). However, these RGCs start to undergo apoptosis in mib
mutant embryos at 3 dpf (Fig. 7E0). We examined TUNEL data
(Fig. 7K–N) and conﬁrmed that no apoptosis occurred in the mib
mutant retina at 60 hpf (Fig. 7M). In the rw440 mutant (Fig. 7L)
and the mib, rw440 double mutant retinas (Fig. 7N), small dot-like
TUNEL signals were sparsely detected, but no dense apoptosis was
observed. Thus, it is unlikely that apoptosis eliminates proliferative
cells in the double mutant.
SLBP1 is required for expression of chemokine ligand cxcl12a mRNA
and intraretinal axon pathﬁnding
In the rw440mutant, axons of RGCs failed to exit from the optic
cup, but rather extended astray within the neural retina (Figs. 1C
and 8B). This intraocular retinal axon defect has also been
observed in zebraﬁsh hedgehog (hh) pathway mutants (Karlstrom
et al., 1996), in which retinal neurogenesis is delayed in a similar
manner as the rw440 mutant (Masai et al., 2005; Stenkamp and
Frey, 2003). We previously showed that chemokine ligand, cxcl12a
(also designated as stromal cell-derived factor 1-a sdf1-a), and
receptor, cxcr4b, are expressed in the optic stalk and RGCs,
respectively in zebraﬁsh, and that this chemokine signaling is
required for retinal axon trajectory in zebraﬁsh (Li et al., 2005).
Recently, it was reported that Hh signaling is indirectly required
for intraretinal axon pathﬁnding, by regulating cxcl12a expression
in the optic stalk (Stacher Horndli and Chien, 2012). One possibi-
lity is that chemokine ligand cxcl12a expression is reduced or
absent in the rw440 mutant, as in hh pathway mutants. Another
possibility is that delay of RGC differentiation compromises
expression of chemokine receptor cxcr4b in RGCs. Because RGC
differentiation is accelerated in the mib mutant retina, it is
interesting to determine whether this retinal axonal defect is
rescued in the mib; rw440 double mutant retina. In the mib
mutant, RGCs formed large bundles of retinal axons, but such
axon trajectory defects were not observed (Fig. 8C). However, in
the mib; rw440 double mutant, axon trajectory defects were not
rescued, but rather enhanced, probably owing to the increase in
RGC number (Fig. 8D). Thus, it is unlikely that retinal axon defects
depend on the delay of retinal neurogenesis in the rw440 mutant.
Next, we examined mRNA expression of cxcl12a and cxcr4b. In
60 hpf wild-type embryos, cxcl12a mRNA was expressed in the
optic stalk that covered retinal axons in the retina and forebrain
(Fig. 8E and G). However, in the rw440 mutant, a string-shaped
cxcl12a mRNA expression was stunted, and only located in the
forebrain (yellow arrowheads, Fig. 8F). The terminal of string-
shaped cxcl12a expression was associated with the ventral surface
of the optic cup, but did not extend inside the retina (yellow
arrowhead, Fig. 8H), suggesting that intraretinal expression of
cxcl12a mRNA is markedly decreased in the rw440 mutant.
However, cxcr4b mRNA expression was observed in RGCs of both
the wild-type and rw440 mutant embryos (Fig. 8I–L), although it
was stronger in the ventro-temporal area in the rw440 mutant
(Fig. 8L). These data suggest that lack of cxcl12a expression in the
retinal region causes intraretinal axon trajectory defects in the
rw440 mutant.
Next, we examined expression of pax2.1, which is a marker of
the optic stalk (Krauss et al., 1991). In wild type, pax2.1 mRNA was
expressed in the optic stalk, which covered axons of RGCs (Fig. 8M
and O). However, pax2.1 mRNA expression was observed in a
reverse V-shape region along the ventral surface of the optic cup
(Fig. 8N and N0). These observations suggest that the choroid
ﬁssure does not close in the rw440 mutant, and that the pre-
sumptive optic stalk did not completely involute inside the neural
retina of the rw440 mutant. Indeed, a ventral view of the rw440
mutant head revealed that string-shape pax2.1 mRNA expression
was observed at the deepest level of the open choroid ﬁssure
(Fig. 8P and Q), suggesting that pax2.1 mRNA expression was more
extended inside the retina than that of cxcl12a mRNA. Taken
together, these data suggest that the slbp1 mutation affects
choroid ﬁssure closure, which reduces cxcl12a expression in the
neural retina.
Discussion
In this study, we characterized the zebraﬁsh slbp1 mutant. In
this mutant, cell proliferation ceased in the retinal CMZ by 2 dpf
(Fig. 9A, top right), suggesting that SLBP1 is required for the
maintenance of retinal stem cell proliferation. Proliferation of
retinal progenitor cells also became slower in the central retina
of the slbp1 mutant, but still incorporated EdU, suggesting that
retinal progenitor cell proliferation is maintained in the central
retina of the slbp1 mutant (Fig. 9A, top right, and wt at top left).
We found that progenitor cell proliferation in the central retina of
the slbp1 mutant depends on the Notch signaling pathway. The
blockade of Notch signaling by the mib mutation inhibited EdU
incorporation and induced precocious neurogenesis in the central
retina of the slbp1 mutant (Fig. 9A, bottom right). These data
suggest that Notch signaling maintains proliferation of retinal
progenitor cells in the reduction of SLBP1 activity, probably
through the suppression of neurogenesis (Fig. 9B). Although the
relationship between SLBP1 and Notch signaling remains
unknown, it is likely that SLBP1 is a component of cell-cycle
regulatory machinery functioning upstream of Notch signaling.
Notably, EdU incorporation was observed in the retinal CMZ of the
mib mutant (Fig. 9A, bottom left), and EdU incorporation in the
mib mutant CMZ was inhibited by slbp1 mutation (Fig. 9A, bottom
right). Thus, retinal stem cell proliferation depends on SLBP1
activity, but does not require a high level of Notch signaling
(Fig. 9B). This observation also supports the idea that SLBP1
regulates more early steps of retinal cell proliferation than Notch
signaling. It was reported that a Wnt family protein, Wnt2b, is
expressed in retinal CMZ and promotes cell proliferation in the
chick retina (Kubo et al., 2003), and that activation of a Wnt
effector, β-catenin, promotes retinal cell proliferation in zebraﬁsh
(Yamaguchi et al., 2005). We examined expression of a Wnt target
gene, c-myc2, which is expressed in retinal stem cells in zebraﬁsh
(Yamaguchi et al., 2005), and found that c-myc2 expression was
maintained at 2 dpf in the retinal CMZ of the slbp1 mutant,
suggesting that Wnt signaling is active in the retinal CMZ of the
slbp1 mutant. These data suggest that SLBP1 promotes retinal cell
proliferation downstream of, or in parallel with, Wnt signaling
(Fig. 9B).
A major cellular function of SLBP is to activate synthesis of
histone proteins during S phase, by promoting histone pre-mRNA
processing (Marzluff et al., 2008). Furthermore, SLBP is also
required for degradation of histone mRNA in the G1 phase
(Marzluff et al., 2008). Thus, SLBP mediates the coupling between
histone metabolism and cell-cycle progression. Our ﬁndings
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suggest that cell cycle-coupled histone metabolism is important
for retinal cell proliferation and neurogenesis. In the developing
zebraﬁsh retina, cell-cycle progression is initially slow, but the
cell-cycle length is shortened after the start of retinal neurogenesis
(Li et al., 2000), indicating that cell-cycle progression becomes
faster in neurogenic stages. We showed that the rate of retinal cell
proliferation in the slbp1 mutant is similar to that of the wild type
at 24 hpf, but does not increase at 36 hpf and 48 hpf. SLBP1
activity is required for activation of cell-cycle progression asso-
ciated with retinal neurogenesis in zebraﬁsh. Although the mole-
cular mechanism that activates cell-cycle progression associated
with retinal neurogenesis is unknown, our ﬁndings suggest that
SLBP1 is a critical component of this mechanism. Previously, we
and other groups reported that retinal neurogenesis is similarly
delayed in the zebraﬁsh hh pathway mutant (Masai et al., 2005;
Neumann and Nuesslein-Volhard, 2000; Stenkamp and Frey,
2003). In Xenopus retina, the length of the cell cycle is modulated
by the hh signaling pathway (Locker et al., 2006). It will therefore
be important to examine the relationship between the hh signal-
ing pathway and SLBP activity in retinal development, because the
zebraﬁsh slbp1 mutant and hh pathway mutant share not only
defects in retinal neurogenesis, but also intraocular retinal axonal
defects.
In this study, we found that RGC axons fail to exit from the optic
cup, but rather are misrouted astray inside the optic cup. Such
RGC axon trajectory defects have been previously reported in the
Fig. 8. The rw440 mutant shows defects in choroid ﬁssure closure and spatial pattern of cxcl12a expression. (A–D) Anti-acetylated α-tubulin antibody labeling of wild-type
(A), rw440 mutant (B), mib mutant (C), and rw440; mib double mutant (D) retinas. RGC axons fail to exit from the optic cup, but are misrouted within the optic cup in rw440
mutant retina (arrowheads, B). RGC axons are densely accumulated in the ventro-nasal retina but not misrouted in the mib mutant. RGC axons are more severely misrouted
within the optic cup in the rw440; mib double mutant than in the rw440 mutant. (E–H) In situ hybridization of 60 hpf wild-type (E and G), and rw440 mutant (F and H)
embryos with the cxcl12a mRNA probe. Ventral (EvF), and lateral (G and H) views are shown. In wild type, cxcl12a mRNA is expressed in the optic stalk, which is located
inside the retina and the forebrain region (arrowheads, E and G). However, in the rw440 mutant, cxcl12a mRNA is only detected in the forebrain region (yellow arrowheads,
F and H) but not inside the retina. (I–L) In situ hybridization of 60 hpf wild-type (I and K) and rw440 mutant (J and L) embryos with the cxcr4b mRNA probe. Ventral (I and J)
and lateral (K and L) views are shown. In both wild type and rw440 mutant, cxcr4b mRNA is expressed in RGCs, although cxcr4b mRNA expression is stronger in the ventro-
temporal region in the rw440mutant (yellow arrowheads, L). (M–Q) In situ hybridization of 60 hpf wild-type (M and O), and rw440mutant (N, P and Q) embryos with pax2.1
mRNA probe. (N0) High magniﬁcation of (N). In wild type, pax2.1 mRNA is expressed in the optic stalk (arrowheads, O). In the rw440 mutant, pax2.1 mRNA is expressed in a
reverse V-shape along the ventral surface of the optic cup (yellow arrowheads, N0). (P and Q) Ventral view of deep (P) and superﬁcial (Q) planes of the optic cup.
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zebraﬁsh hh pathway mutant (Karlstrom et al., 1996). In zebraﬁsh,
chemokine ligand and receptor, cxcl12a and cxcr4b, are expressed in
the optic stalk and RGCs, respectively, and cooperatively promote
RGC axons to exit from the optic cup (Li et al., 2005). Recently, it was
reported that Hh signaling is indirectly required for intraretinal axon
pathﬁnding, by regulating chemokine cxcl12a expression in the optic
Fig. 9. Retinal phenotypes of the slbp1mutant and roles of SLBP1 in retinal development. (A) Schematic drawing of phenotypes for retinal cell proliferation and neurogenesis
in wild type, slbp1mutant, mib mutant, and slbp1; mib double mutant. In wild-type retina, areas of retinal stem cells (red), retinal progenitor cells (green), and differentiated
neurons (blue) are speciﬁed along the peripheral–central axis. In the slbp1 mutant, retinal stem cells stop cell proliferation (white), retinal progenitor cell proliferation is
slow, and retinal neurogenesis is delayed. In the mib mutant, retinal stem cells continue to proliferate, but a majority of retinal progenitor cells undergo precocious
neurogenesis. In the slbp1; mib double mutant, retinal stem cells stop cell proliferation like the slbp1 mutant, and a majority of retinal progenitor cells undergo precocious
neurogenesis like the mib mutant, resulting in no proliferation in the retina. (B) A possible model of the role of SLBP1 in retinal cell proliferation and neurogenesis. SLBP1 is
required for retinal stem cell proliferation. SLBP1 and Notch signaling promote retinal progenitor cell proliferation. (C) Schematic drawing of intraretinal axon trajectory in
the wild type (left), slbp1 mutant (middle), and hh pathway mutant (right). The pax2.1 mRNA (green) is expressed in the optic stalk. Chemokine ligand cxcl12a (blue) and
receptor cxcr4b (red) are expressed in the optic stalk and RGCs, respectively. In the slbp1 mutant, the choroid ﬁssure is open and pax2.1 mRNA expression is observed along
the open ﬁssure, which is located along the ventral surface of the optic cup. The cxcl12a expression is smaller than pax2.1 expression, and only detected in the forebrain and
absent in the retina. Retinal axons fail to exit from the optic cup. In the hh pathway mutant, a small pax2.1 expression is observed in the midline, cxcl12a expression is totally
absent, and a similar intraretinal axon defect occurs.
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stalk (Stacher Horndli and Chien, 2012). In the present study, we
examined expression of cxcl12a and cxcr4b, and found that cxcl12a
mRNA was expressed in the forebrain region but failed to extend
inside the retina in the slbp1 mutant, whereas cxcr4b mRNA was
normally expressed in RGCs (Fig. 9C). Although we do not exclude
the possibility that expression and localization of Cxcr4b protein are
affected in the slbp1mutant, it is more likely that reduction of cxcl12a
expression in the retina causes intraretinal axon defects in the slbp1
mutant, which is in contrast to zebraﬁsh hh pathway mutants, where
cxcl12a expression itself is absent (Fig. 9C). We found that an optic
stalk marker, pax2.1, is expressed in a reverse V-shape pattern along
the ventral surface of the neural retina, suggesting that choroid
ﬁssure fails to close in the sbp1 mutants (Fig. 9C). It is therefore very
likely that SLBP1-mediated cell proliferation is required for proper
morphogenesis of the optic cup, including choroid ﬁssure closure. In
this case, optic cup morphogenesis is important for indication of
axon guidance clues to RGC axons by optic stalk cells.
In summary, we have characterized the roles of SLBP1 in retinal
development, which includes retinal stem cell proliferation, retinal
progenitor cell proliferation, timing of retinal neurogenesis, and
ﬁnally intraocular retinal axon pathﬁnding. Cell-cycle length is
spatially and temporally modulated in many tissues during devel-
opment. Because SLBP1 regulates histone synthesis and degrada-
tion in a cell cycle-dependent manner, SLBP1 functions as a key
intermediate component in the pathway that modulates the rate
of cell-cycle progression. Together, our characterization of the
zebraﬁsh slbp1 mutant should therefore provide a good model
for studying the biological signiﬁcance of spatiotemporal coordi-
nation of cell proliferation during the developmental process.
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